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SOME DESIGN PRINCIPLES  FOR TURBOJET COMBUSTORS OPERATING 

ON BORON-CONTAINING FUEL5 * 
By Warner B. Kaufman 

SUMMARY 

The problems associated  with  the  use of  boron-containing  fuels in 
the  primary combustor  of a  turbojet  engine  are  divided into two groups: 

Those presented by f u e l  decomposition  within fue l   i n j ec to r s  or 
on external  surfaces  thereof and by impingement of f u e l  on hot 
surfaces 

Those presented by the  accumulation of a  product  of combustion, 
viscous  liquid  boric  oxide, on combustor surfaces 

f irst  problem  can  be a l lev ia ted  by insulat ing or cooling  the 
fuel  passages, by preventing  recirculation  around  the  fuel  port ,  and by 
in jec t ing   the   fue l   in  a f ine ly  atomized  spray. The second  problem  can 
be minimized  by blanketing  the  inside  surfaces of the combustor l i n e r  
with  uncontamlnated  combustion a i r .  

Small-diameter  air-atomizing  fuel  injectors,  each  bathed i n  a strong 
j e t  of air, ran  consis tent ly   f ree  of f u e l  decomposition  products. The 
performance of a highly  louvered, annular combustor w a s  unaffected by the  
small quantity of boric  oxide  deposited on i t s  surfaces. Tests thus   f a r  
have  been  of short duration and at only one condition. 

The fuels  used  included  pentaborane, a 66-percent  blend  of  penta- 
borane i n  Jp-4, HE?-2 (propylpentaborane),  and HiCal-3 (ethyldecaborane) . 
Combustion eff ic iencies  were 89 t o  93 percent. Combustor liner deposits 
from the  first three   fue ls  were similar and unobjectionable. The la rger  
deposit found a f t e r   t he  HiCal-3 t e s t  was  presumed  due mostly t o  high 
fuel  viscosity  (poor  atomization). 

*Title,  Unclassified. 
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INmODUCTION 

The range  potential  that  boron-containing fuels promise for  our 
mi l i t a ry   a i r c ra f t  i s  recognized as a goal  worth  pursuing. It was obvi- 
ous from the  first combustion  experiments (refs. 1 and 2 )  t ha t  attain- 
ing   th i s   goa l  was not  merely a matter of subst i tut ing a boron-containing 
fuel  for  conventional  hydrocarbons.  Successful cambustion  of  boron 
fue ls  in the  primary  combustor of a turbojet  engine i s  complicated by: 

(1) Decomposition of t h e   f u e l  

(2)  Deposition  of the combustion products 

Compressor discharge air may enter   the combustor at temperatures as 
high as 600° F.  Yellow so l id   par t ic les   {hereaf te r   re fe r red   to  as "in- 
t e rna l  decomposition") may form wi th in   fue l   l ines  and injectors  immersed 
i n  t h i s   ho t  air .  They pack together and r e s t r i c t  or plug  the  very small 
openings usually  required  in fuel in jec tors   ( re f .  2 ) .  The degree t o  
which in te rna l  decomposition can be  prevented  determines  the minimum 
s ize  of the  fuel   in jector   passages.  I n  the  case of  pressure-atomizing 
nozzles,  the number of injectors  i s  limited by t h i s  min imum s ize .  

A second type of deposit i s  the  hard,  porous  clinkers that form on 
the  external  surfaces of the  fuel   nozzles   (hereaf ter  termed "external 
decomposition"). They are  composed of free boron, boric  oxide, and, i n  
the case of alkylated boron  hydrides, some carbon.  Although  represent- 
ing  only a small fraction  of  the  fuel  passing  through the system, these 
clinkers  can grow very  rapidly  into  large  formations. They disrupt the 
fuel  spray  patterns or break  off and block the turbine  stator  passages. 

The same type of  decomposition  deposit i s  formed when fue l  impinges 
on a hot  surface  (hereafter known as "impingement decomposition"). It 
i s  usually  caused  by a malfunction  of the nozzle or by a spray  that  has 
a high  degree  of  penetration. A cl inker   of   this   type can a l so  become 
very  large  in  a matter of seconds; i n  extreme  cases, it may bridge  back 
to   t he   fue l   nozz le .  

Reference 3 shows that  the  formation  of  internal  decomposition 
products  can be prevented  by  cooling  fuel  passages w i t h  air t h a t  i s  sub- 
sequently  used  for  atomization.  External  decomposition has been a seri- 
ous problem, pa r t i cu la r ly   i n  full-scale engine tests.  The mechanism of 
th i s  type of  decomposition i s  not  understood. Impingement decomposition 
did not  occur w i t h  the sof t ,   f ine ly  atomized  spray  of the air-atomizing 
injectors  of reference 3. 

One of the  products of combustion i s  boric  oxide, B203. Boric ox- 
ide, a very  viscous  liquid a t  ordinary  turbojet combustor  temperatures, 
deposits on exposed surfaces   in  a thick film. It is  driven  along  the 
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surfaces by the dynamic force of t h e   a i r  stream. Large drops  are 
whipped from the  f i lm  surface and carr ied  into  the  turbine.  Engine 
t e s t s  of short  duration  using  conventional hydrocarbon codus to r s  have 
shown that   turbine performance i s  adversely  affected by a combination  of: 

(1) Runoff of boric  oxide from the combustor in to   the   tu rb ine  

(2)  Large  drops  of  oxide  impinging on t h e   s t a t o r  and turbine  blades 

(3)  k c m u l a t i o n  of thick  deposits on the  suction  side of the 
s ta tor   blades 

These turbine  effects   are   ref lected i n  high  pressure  losses and 
consequently  in  high  thrust  losses. Continued buildup of boric  oxide by 
extended  operation  probably would also a f fec t   the  performance (out le t  
temperature  distribution,  pressure  losses) of conventional combustors 
( r e f .  4). 

The f i r s t  two causes  of  turbine  performance  deterioration can be 
minimized i f  not  prevented by special  combustor liner  design.  Fortu- 
na te ly   the   l iqu id   par t ic les   a re  submicron in   s ize   within  the combustor 

r e f .  5 ) ;  and their   deposi t  mechanism is,  therefore, one of diffusion 
r e f .  6 ) .  The  number of par t ic les   d i f fus ing   to  a surface i s  a function 

of particle  concentration  near  the  surface and time;  therefore,  deposi- 
t i on  may be minimized by: 

t 
(1) Supplying an oxide-free  layer of air along  exposed  surfaces 

( r e f .  3) 

( 2 )  Providing a straight  through-put of a i r  through  the combustor 
t o  avoid  recirculation 

I f   t h i s  can  be done successfully,  the  oxide  reaching  the  turbine will be 
i n  the form of microscopic particles  that   follow  flow  streamlines.   If  
the  turbine i s  t o  t o l e ra t e   t he   ox ide   a t   a l l ,  it should  digest  the small 
p a r t i c l e s   f a r  more easily  than  the  viscous  film and large  drops. 

Recent investigations at Lewis Research  Center have resul ted in a 
turbine  s ta tor   blade  design  that   should  a l leviate   the  third  cause of 
turbine performance  decay.  This  straight-back  blade  design  prevents 
separation of t he  flow on the  suction  side.  Cascade t e s t s  have indi-  
cated  oxide  particles will not  accumulate on blades of t h i s   des ign   t o  
the  extent that turbine performaace would be  great ly   affected  ( ref .  7 ) .  

I f   t h e   p o t e n t i a l  of boron-containing  fuels is t o  be  realized,  the 
combustion system must meet the  following  requirements: 
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(1) No fuel decomposition  within  injectors, on injectors ,  or on 
the  combustor walls 

( 2 )  Delivery of  oxide t o   t h e   t u r b i n e   i n  form  of  microscopic 
pa r t i c l e s  

(3) Eff ic ient  combustion with low pressure loss and adequate  outlet Y 
temperature  distribution 

P 

4 
m 

This report  of a quarter  sector  of  an  annular  turbojet combustor 
developed t o  meet these  requirements  covers  the  period August 1955 t o  
December 1957.  Pentaborane was the only  boron-containing  fuel  available 
in quant i ty   for   th i s   per iod  and was used  almost  exclusively. The re- 
s u l t s  of brief tests of a blend  of  pentaborane i n  Jp-4, HEF-2 (propyl- 
pentaborane), and H i C a l - 3  (ethyldecaborane) in t h i s  combustor a re   a l so  
included. 

APPARATUS AND PROCEDLRE 

Combustor Ins t a l l a t ion  

Combustion air was heated and metered t o  the tes t  ins ta l la t ion  
shown i n  figure 1. The combustion products were cooled  by water sprays 
and discharged t o  atmosphere. 

The combustor w a s  a quarter  sector of  an annular turbojet  combus- 
t o r .  Two configurations  are  presented:  configuration A [fig.  2), and 
configuration B ( f ig .  3); these are discussed  in   detai l  in a l a t e r  sec- 
t i on .  Some of the  evolutionary  steps  leading  to  these designs are dis- 
cussed in appendixes A and B.  

Fuel System  and Operating  Procedure 

The f u e l  and atomizing-air systems are shown schematically  in  fig- 
ure 4. The  warmup fuel,  gasoline or JP-4, was supplied  through system 
A t o   t h e   f i v e  radial injectors  in order t o   b r ing   t he  combustor t o  oper- 
a t ing  condi t ions  before 'switching  over   to   the  tes t   fuel .  The t e s t   f u e l  
was supplied t o   t h e  axial injectors  through  system B.  Systems B and C 
were purged with helium and were pressure checked before  each run. The 
purge f u e l   i n  system C, JP-4, was fed in to  system B so that it could 
precede  the  pentaborane t o  cool  the  fuel  injectors,  and follow  the 
pentaborane t o  purge the   l i nes  and injectors .  An initial purge immedi- 
a t e ly  followed  pentaborane so that the   fue l   in jec tors  would not become 
plugged  with  internal  decomposition  during shutdown. After the  penta- 
borane  tank  (system B) was depressurized and closed,  the  remaining  sec- 
t i o n  of  system B was purged  through  valve  P. The valves M and N pro- 
vided a means  of purging  system B in the  event  that  the fue l   i n j ec to r s  
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or  .the  manifold became plugged. Normal operating  pressure was 200 
pounds per  square  inch. All valves were Teflon  packed. 

I 

Instrumentation 

The location of the  instrument  stations i s  indicated i n  figure 1. 
The arrangement  of the  bare-wire  thermocouples and total-pressure  probes 
i s  diagrammed in figure 5. Combustion airf low was  measured  by an ASME 
orifice,  atomizing a i r  by a  rotameter, and f ie1  flow  by a rotating-vane 
flowmeter . 

Procedure 

The nominal tes t   condi t ions were as  follows: 
~ ~~~ .. 

Condition 
I 

Condition 
11 

Combustor i n l e t   t o t a l   p re s su re ,   i n .  Hg abs 32  32 
Combustor inlet  temperature, O F  

4.0  4.5 Combustion airflow,  lb/sec 
37 0 370 

~ . . .  

temperature, ~~ ?i? 2000 1550 
~ ~" 

Test  condition I simulates  the combustor  environment of an engine hav- 
ing  a 5 . 2 : l  compressor pressure  ra t io  at an a l t i t ude  of 45,000 f e e t ,  a 
f l i g h t  Mach number of 0.6,  and rated  engine rpm. Test  condition I1 rep- 
resents   the combustor conditions  for a t e s t  of the same engine  modified 
for  elevated  turbine  temperatures. 

The cambustor was brought to  operating  conditions on JP-4 f u e l  or 
gasoline, and reference  data were recorded. The outlet  temperature w a s  
then  decreased, and Jp-4 was introduced  through  the  test   injectors.  
Simultaneously,  the JP-4 f u e l  in system C w a s  shut  off and t h e   t e s t   f u e l  
valve was opened. When the   t es t   fue l   reached   the  combustor, as  evi- 
denced by a temperature  rise,  the wamup f u e l   i n  system A was t h r o t t l e d  
off   while   tes t   fuel  was th ro t t l ed  up t o   t h e  ,desired  outlet  temperature. 
On shutdown, the   t e s t   fue l   va lve  was closed and the system C fuel   valve 
was opened simultaneously. The system w a s  purged until no t e s t   f u e l  
remained in   t he   fue l   i n j ec to r s .  The t e s t   f u e l   t a n k  w a s  then  vented and 
closed.  This  operation was  followed  by a purge of t he   fue l  remaining 
in system €3 between the  tank and the  junction  with  system C .  A f i n a l  
purge  with  helium was  made a f t e r   t h e  purge fue l   t ank  was vented and 
closed. 
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Data Reduct ion . 
Combustor outlet  temperature. - The combustor outlet  temperature 

was  taken as t h e  arithmetic average  of  the 60 thermocouple  readings at 
s ta t ion  B, figure 5. 

Radial outlet   temperature  profile.  - The radial outlet  temperature 
prof i les  were p lo t ted  by  averaging the  temperatures measured by thermo- 
couples at t h e  same radial depth on rakes 3 t o  10. The  two outside 
rakes on each side were not  included in  o r d e r   t o  minimize side-wall 
e f fec ts .  

Combustion efficiency. - Combustion eff ic iency vB was calculated 
from the   r e l a t ion  

- 1 
vB - Heat of combustion of t h e   f u e l  

The enthalpy of t h e  stream entering and leaving  the combustor was deter- 
mined from the temperature and pressure measurements  and the  thermo- 
dynamic properties of the   reac tan ts  and  combustion products  {ref. 8 ) .  

DESIGN  CONCEPTS 

Fuel   Injector  

Internal  decomposition. - The amount of f u e l   t h a t  w i l l  decompose 
in  passages  subjected  to  temperatures of 185O t o  400' F f o r  short  peri- 
ods of exposure i s  small ( re f .  9); however, t h e  amount of solids re- 
quired to   p lug  the t iny   res t r ic t ions   wi th in  a fue l   i n j ec to r  i s  a l s o  
small. Even though  passages  are  sized  for  high  velocity  (short  resi- 
dence time), the boundary film along  the walls i s  exposed t o  a rela- 
t ively  high  temperature  for a much longer  period.  Therefore,  to  prevent 
internal  decomposition, the fuel  injector  should  be  designed  with: 

{l) Passages  sized fo r  m i n i m u m  residence time consistent with rea- 
sonable  pressure loss  

( 2 )  Cavities  containing  screens,  check  valves,  flow-proportioning 
devices, and so forth,   located  outside of the  combustor 
housing 

(3) Provisions  for  leading  the  boron-containing  fuel  with a com- 
pa t ib le  hydrocarbon t o  cool  the  passages 

(4) Insulation  and/or  continuous  cooling  of  passages  leading t o  
and within  the  fuel   in jector  



(5) The necessary  restrictions  within  the  injector as la rge  as 
possible 

A i r  used f o r  continuous  cooling  has  advantages. After air has  been 
conducted  through a passage  concentric.  with  the  fuel  tube, it can  be 
used t o  atomize the   fue l .  The r e s t r i c t i o n  a t  t h e  end of  the  fuel  pas- 
sage  need  not  be as small as would be  necessary  with  pressure  atomiza- 
t i on  and i s  therefore less suscept ible   to   plugging  by decomposition 
sol ids  and d i r t .  Since a i r  atomization i s  not as dependent on fuel   por t  
s ize  as i s  pressure  atomization, a la rge  number of points  of  injection 
may be used.  Furthermore,  the fuel pressure  required to   these   in jec tors  
i s  very  low - on the  order of 20 t o  50 pounds per  square  inch gage - a 
d i s t inc t  advantage where toxic ,   easi ly   igni ted f ie ls  are concerned. 

External  gecomposition. - The formation  of  solid  material on the  
f u e l   i n j e c t o r   t i p  i s  d isas t rous   to   the   fue l   spray  and consequently t o  
the  outlet  temperature  distribution.  Usually  the  fuel will maintain 
openings  through the  c l inker ,   but   the  poor distribution  causes impinge- 
ment  on combustor surfaces,  hot  spots,  or an undesirable  outlet temper- 
a ture   p rof i le .  Large clinkers  of t h i s  type have  been  found  lodged be- 
tween the   s ta tor   b lades   a f te r  a ful l -scale   engine  tes t  (ref. 10). Ex- 
t e rna l   fue l  decomposition  has a l so  been  observed on axial-type as w e l l  
as radial-type  injectors (ref. 11). 

The exact mechanism of   external   fuel  decomposition i s  not com- 
pletely  understood. Because the   r eac t iv i ty  of these  fuels  i s  very  high, 
burning  begins at or  near  the  point of inject ion.  Consequently, l oca l  
fue l -a i r   ra t ios  are high. It has  been  observed t h a t  combustion e f f i -  
ciency  decreases  with  an  increase  in  over-all   fuel-air   ratio.  It has 
a lso been  observed tha t   the   s l igh tes t   rec i rcu la t ion   in   the   v ic in i ty   o f  
the  fuel  nozzle  port  promotes external  decomposition. The loss  i n  eff i -  
ciency and f u e l  decomposition may be due t o  (1) rich  oxidation  of  the 
center  core of t he   fue l  spray, and ( 2 )  high  local  temperatures  causing 
thermal  degradation of a portion of the  fuel.  Either  process  could re- 
s u l t   i n  a product  that  does  not  burn  readily.  Recirculation of these 
products and boric  oxide  produces  rough  deposits on the  nozzle t i p  that 
promote recirculat ion a t  an  increased  rate. 

The ideal nozzle, from the  standpoint  of  external  decomposition, 
would be a long  tapered  tube  with  the diameter of the  downstream end as 
near   that  of the  fuel   d ischarge  port  as possible.   In  addition, a smooth 
flow  of  clean air over  the  tube  should be provided t o  prevent  recircula- 
t i on  around t h e   t i p .  

The air-atomizing  nozzle  has  another  advantage  over  the  pressure- 
atomizing  type in   t h i s   r e spec t :  As long as it i s  s i zed   fo r  good atomi- 
zation a t  the maximum flow rate, it will not  drip  nor w i l l  the  spray 
break down at low  flow; thus two conditions  that  could result i n  ex- 
t e rna l  decomposition  formations are eliminated. 
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Impingement decomposition. - When f u e l  i s  permitted t o  impinge on 
a hot  surface, a cl inker  of the  same type as tha t   jus t   descr ibed   resu l t s .  
Penetration  of the fuel   spray must be  controlled.  In  the  case of the  
axial-type  injector,  a compromise between a fuel   spray wide enough t o  
promote good temperature  distribution and  combustion efficiency  but 
narrow enough t o  prevent impingement and a high  concentration of boric 
oxide  near  the combustor surfaces i s  most desirable .  A well-distributed 
spray  without  penetration  to  the  walls can be  achieved with air  atomiza- 
t ion; however, where the  spray  angle  has  been  large enough f o r  good dis-  
t r ibu t ion ,   rec i rcu la t ion   to   the   nozz le   t ip   has  caused the   fo imt ion  of 
external  decomposition. 

Combustor Liner 

Boric  oxide  particles i n  the combustion products, i f  allowed t o  
d i f f u s e   f r e e l y   t o  combustor surfaces,  adhere and form a viscous  layer. 
This material  i s  driven  along  the  surface by the  dynamic force of the  
airstream. It flows  around  the  secondary-air  entry  holes where it i s  
cooled. The increased  viscosity of the  oxide  causes it t o   p i l e  up and 
upset  the  secondary-air  mixing  patterns. It a l s o  flows  into  the  turbine 
region and toward the  bottom of the  engine.  Large  drops  sheared from 
surfaces and carr ied  by  the  a i rs t ream impinge  on the   s t a to r  and rotor  
blades of the  turbine.  

The longer an oxide  par t ic le  remains i n   t h e  combustor, the  greater  
i s  i t s  oppor tuni ty   to   d i f fuse   to  a w a l l .  Therefore,  primary-air  inlets 
must be  designed t o  prevent  recirculation i n  the  upstream end of the  
combustor.  Increasing  the  portion of combustion air admitted  through 
the  primary  inlet  w i l l  no t   in   i t se l f   sa t i s fy   th i s   requi rement .  The 
method of admitting it i s  extremely  important. It should  be  distributed 
as uniformly as possible  across  the  primary  inlet so tha t  even very 
small disturbances of the  airflow  disappear  within a very  short  distance. 

Diffusion of oxide pa r t i c l e s   t o   l i ne r   su r f aces  can be  reduced by 
providing a continuous  layer of clean cambustion air along  inside  sur- 
faces.  Successful  demonstrations of t h i s  method  of keeping  surfaces 
oxide-free were made i n  ~ u 1  experimental l i ne r   f ab r i ca t ed  of  porous  wire 
c lo th   ( re f .  3 ) .  Obviously, it i s  d e s i r a b l e   t o  expose a s   l i t t l e   s u r f a c e  
area  as  possible  to  oxide  deposit ion;  therefore,  a short  annular-type 
combustor i s   p refer red   s ince  i t s  surface-to-volume r a t i o  i s  lower  than 
that of tubular  combustors. 

F3SULTS AND DISCUSSION 

Because o f  the   var ia t ion of hardware during  the development  program 
and the  short   test   durations,  only the  most pertinent  of  the tests are  
reported. These a re  summarized i n  the  following  table: 
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R U n  Zonf ig- 
lrat ion 

A 

A 

A 

A 

B 

Nominal 
condi- 
t ion 

- " 

I 

I 
I 
I 
I1 

~~~~~ 

m-4 
Pentaborane 

Blenda 

BEF- 2 

HiCal- 3 

Gasoline 
Pentaborane 

"- 

Fuel 
Iurned, 

l b  

30.7 

14 .1  

15.9 

15.9 

13.8 

Air- 

lb/sec 
flow, 

4.55 
4.44 

4.47 

4.67 

4.40 

4.21 
4.13 

Fuel 

Ib/sec 
flow, 

0.0731 
.0456 

.0613 

.0615 

.0593 

.lo61 

.0584 

"66 Percent  blend  of  pentaborane in JP-4. 
bEstimated efficiency  (fuel flowmeter reading  erratic).  

Configuration A 

h t le t  
;emper- 
r t u r e ,  

OF 

1250 
1354 

1481 

1440 

1406 

1696 

Combustion 
eff i- 

ciency, 
percent 

90 

92 

b93 

Configuration A was developed f o r  and used i n  the ful l -scale  5-65 
engine tes t  of  pentaborane fuel  reported  in  reference 10. 

Fuel   injectors . ' -  The quarter-sector combustor w a s  f i t t ed   w i th  
twelve  radial  injectors  (type 1): s i x   f o r  wamup fuel  (Jp-4), and the  
a l te rna te ly  spaced six f o r   t e s t   f u e l .  One of these  type-1  injectors is 
shown schematically  in figure 6.   Radial   injectors  rather  than axial in- 
jectors  were used  or iginal ly   to  exclude  any  disturbance of airflow 
through  the  primary-air  inlet;  also,  the  short inlet  tube minimized the  
cooling air required. Atomizing a i r  and f u e l  were mixed internal ly  be- 
fore  being  discharged through six holes. The result ing  spray w a s  a 
f ine ly  atomized m i s t  distributed  over a 70° cone. The atomizing-air 
pressure was  about  50 pounds per  square  inch gage f o r  a flow  of  0.006 
pound per second. The atomizing-air t o   f u e l  weight r a t i o  w a s  0.6. An 
annulus  between the  l i ne r  and the shank of t he   i n j ec to r  was intended t o  
provide a j e t  of clean air t o  sweep over the   nozz le   t ip .  

Injector  1 was sat isfactory  with  respect   to  combustion efficiency. 
However, th i s   type ,  whether instal led  radial ly  or axially,  w a s  suscep- 
t i b l e   t o   e x t e r n a l  decomposition  especially  in  full-scale  engine  tests 
(refs . 10 and 11) . 

Primary-air inlet .  - The best   design  tested  consisted of a 0.05- 
inch-thick steel plate perforated  with  5/64-inch-diameter  holes t o  give 
17 pe rcen t   ac tua l  open area ( f ig .  2 ) .  The holes were spaced  close 
enough,  34 per  square  inch, t o  insure coalescence  of  the air jets within 
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a half inch from the downstream face of the  plate.   Total-pressure meas- 
urements at var ious  s ta t ions  radial ly  an.d axially  throughout  the com- 
bustor  indicated the airflow  (cold)  to  be  uniform and unidirectional be- 
tween the perforated  plate and the  secondary-air  slots. Thus,  no strong 
recirculation  existed  in  the  primary zone. 

+ 

Combustor l i n e r .  - The combustor l i n e r  diagrammed in   f i gu re  2 was 

fabricated of  2--inch-wide Inconel   s t r ips  spot-welded  together. A i r  was 

metered t o  each  louver by  a row of 3/32-inch-diameter  holes spa, ned six ? 
per  inch. These t i n y  air j e t s  coalesced t o  form a continuous film of % 

1 air over t he  exposed louver  surface. The film was replenished  every 1- 4 
inches. The lover limit on the  proportion of air that can be admitted 
to   the  louvers  i s  determined by: (1) the minimum required  for   effect ive 
filming, ( 2 )  the  m i n i m u m  size  holes that can be punched in  a specified 
thickness of material, (3) the   suscept ib i l i ty  of the  holes t o  plugging 
w i t h  d i r t ,  and (4) the m a x i m u m  spacing of the  holes compatible with 
coalescence of t he   t i ny  air j e t s   i n t o  a continuous film. The upper 
limit i s  dictated by: (1) the  minimum pressure  drop  required  through 
the combustor t o   i n su re  zdequate  penetration of secondary a i r ,  and ( 2 )  
the  quantity of  secondary air required  to  produce a sa t i s fac tory   ou t le t  
temperature  distribution. A compromise was found  necessary between the  
desired  temperature  distribution and  a tolerable  deposit  of oxide. 

1 
2 

4 

The secondary air entered  through  twelve  slots  divided  evenly and 
spaced a l te rna te ly  between the  inner and outer   l iners .  These s l o t s  were 
elongated in the   d i rec t ion  of the  a i r f low  to   obtain good penetration of 
secondary a i r .  The pressure lo s s  through the  combustor was qui te  low, 
less   than 2 percent D f  the   in le t   to ta l   p ressure   a t   the   condi t ions  of the 
tests.  Inadequate  mixing of secondary a i r  w i t h  the  hot combustion prod- 
ucts  resulted  in  an  outlet   temperature  distribution tha t  was not  as f la t  
as  desired. The open-area  proportions of t h e   t o t a l  open area of the 
combustor  were: primary-air  inlet, 22 percent;  louvers, 30 percent; 
secondary-air  slots, 48 percent. 

Codustor  performance. - Run  1, made a t  condition I, ran   for  11 
minutes on pentaborane. The r ad ia l  combustor outlet  temperature  pro- 
f i l e s ,   f i gu re  7(a), were f lat  over  the  center par t  of the  s ta tor   blade 
span with an averaged  spread of 250° F .  The two circumferential  pro- 
f i les ,   f igure   7 (b) ,  were similar. Since  fuel  injection  location changed 
with f u e l  change  from Jp-4 t o  pentaborane  {alternate  nozzles),  the  hot 
region at rake 9 was probably a function of t he  combustor l i ne r   r a the r  
than   fue l   d i s t r ibu t ion .  The large  fa l l   off   in   temperature   a t  each end 
of the  circumferential  profile  curves was due t o   t h e  lower fue l -a i r  ra- 
t i o  along  the  sides of the  quarter   sector .  This i s  ref lected by  an in- 
crease of 200' F above the  over-all  average  outlet  temperature of 13540 F 
when the  indicated  readings of the  center  eight  rakes  are  used. 
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Combustion efficiency was calculated,  without  corrections t o   t h e  
indicated  thermocouple  readings, at 80 percent  for JP-4 f u e l  and 9 1  per- 
cent  for  pentaborane. The ra ther  low efficiency  with JP-4 was undoubt- 
edly due t o   t h e  absence of recirculat ion i n  the  primary combustion zone. 
The pentaborane  efficiency of 91  percent was about  the same as that at- 
tained  in  the  past   with can-type  combustors. 

Figure 8(a) shows the  l ight   deposi ts   typical   over  most of t he  l i n e r  
surfaces. These l ight  deposits  existed  mostly downstream  of t he  
secondary-air  slots, where turbulence of the  gases was increased. Small 
deposits were observed on the   t i p s  of some of  the  pentaborane  nozzles. 
The e f f ec t  of a small amount  of rec i rcu la t ion  on oxide  deposition i s  em- 
phasized i n  figure  8(b),  where a 1/4-inch-wide weld across  the  perfo- 
ra ted   p la te   ( le f t   cen ter  of the  picture)  caused  considerable  deposition 
t o  form in   the   v ic in i ty .  The deposit on the  two spark  electrodes and 
the  large  c l inker  i n  the  upper right  corner of the  combustor  were the  re-  
sult of f u e l  impingement. Disruption of the  fuel  spray  pattern by t h i s  
clinker  caused heavy deposits  to  spread downstream of the  clinker,  par- 
t i cu l a r ly  on the  outer  surface.  

The combustion eff ic iencies  of the  blend, HEP-2, and HiCal-3  were 
f o r   a l l   p r a c t i c a l  purposes  identical. The main differences  in  the  re- 
s u l t s  of these runs were in   the  nature  and amount  of the  deposits on the  
combustor l iner   wal l s .  These  cornpaxisons a re  shown in figures 9, 10, 
and 11. The quantity of boric  oxide formed during  each t e s t  was nearly 
identical;   yet   the weight of oxide t h a t  remained in   the  combustor a f t e r  

the  REF-2 run was  2 2  times  as much as t h a t  found after  the  pentaborane - 
JP-4 blend run. About 1 6  times as much remained a f t e r   t he  HiCal-3 run 
as was found af ter   the   blend run. The weight of deposits on the  side 
p la tes  of the combustor was not  included. The weight of the  deposits 
remaining a f t e r  pentaborane runs 1 and 5 was not  determined. 

1 

The heavy deposits  that  formed during  the HiCal-3 t e s t  may have 
been  caused by "off-design''  operation of the   fue l   in jec tors .  The f u e l  
injectors  were developed for  use  with  pentaborane.  Pentaborane has a 
low viscosity  (about 0.5 centistoke) and i s  very  volat i le .  The viscos- 
i t y  of the HiCal-3 w a s  about 1 4  centistokes at 77O F. The high  viscos- 
i t y  and the  low v o l a t i l i t y  of HiCal-3  could eas i ly   a l te r   the   fue l   spray  
charac te r i s t ics  so that  deposits would form rapidly.  

Configuration B 

Configuration B was developed f o r  and used i n  high-temperature 
turbine  tests  with  pentaborane and HEF-2 fue l s   i n  a modified  full-scale 
5-47 engine. The r e su l t s  of these tests are  reported in reference 12. 
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Fuel  injectors.  - Several  fuel  injectors were designed,  fabricated, 
and tested in an  attempt t o  prevent  the  external decomposition  formations 9 

observed on in jec tor  1. In jec tor  7, figure 12,  was the  only one tes ted  
that operated  consistently free of internal,  external, and impingement 
decompsition. Most of t he  design techniques discussed earlier are dem- 
onstrated  by  this   injector .  The screen and fue l   o r i f ice   a re   ou ts ide  the 
conibustor housing, where temperatures  are low. The fuel  tube  diameter 
i s  small so that residence time i s  short .  It is  insulated and cooled by 
atomizing air passing  through  the  outside  tube, which i t s e l f  i s  of small 
diameter. The f ie1  port  i s  relatively  large,  0.052-inch  diameter. The T 
nozzle i s  tapered so t h a t   t h e  downstream end i s  near ly   the diameter of 
the   fue l  - atomizing-air  port. The nozzle  protrudes  through a hole   in  
the  primary-air  inlet, which supplies a strong, smooth flow of a i r  over 
it. Fuel  pressure  just  downstream of t h e  fuel o r i f i ce  was approximately 
15 pounds per  square  inch gage f o r  a flow of 0.1 gallon  per  minute. 
Atomizing airflow, t o  produce a f ine ly  atomized  spray and suff ic ient  
cooling t o  prevent  internal decomposition, was about 0.006 pound per 
second at 36 pounds per  square  inch gage. The weight r a t i o  of  atomizing 
a i r  t o  pentaborme  for  the  conditions of t he  tests was 0.6. Unfortu- 
nately,  the  spray cone angle was  only  about 25O, which together with the  
low pressure  drop of the  highly  louvered combustor resu l ted   in  a rather  
marginal  outlet  temperature  distribution. 

P cn 
4 

The  number of  injector3  used was based on fo r ty  for a ful l -scale  
combustor. Only nine were used in  the quarter-sector combustor t o  avoid 
proximity t o  the side walls. Five  type-1  injectors were used  in t h i s  
configuration  for  gasoline warmup fue l .  

PrimaSy-air i n l e t .  - One-inch-diameter holes were punched in the  

perforated  plate at the   ou ter   c i rc le  of the   in jec tors ,  and 1-inch- 
diameter holes were punched a t  the   inner   c i rc le  of injectors,  as indi- 
cated  in figure 3. These holes w e r e  t o  keep the   over -a l l   fue l -a i r   ra t io  
below 0.7 of stoichiometric a t  the  higher   fuel   ra tes  of condition 11. In  
addition, more rapid  mking of t he   fue l  and air was  accomplished  by pen- 
e t ra t ion  of the  strong jets of air into  the  fuel   spray.  The uncontami- 
nated air  sweeping over  the end of the   in jec tor  also prevented forma- 
tions  of decomposed fuel   thereon.  The primary a i r  was increased from 22 
t o  35 percent of t h e   t o t a l  combustion a i r  by the  addi t ion of the  holes.  

1 
4 

Combustor l i n e r .  - The l iner   for   configurat ion B, f igure 3 ,  was 
similar t o  configuration A except  for  the  size and spacing  of  the  louver- 
a i r  entry  holes and the secondary-air  slots.  Since  the  spray  angle of 
injector  7 w a s  very narrow, the  concentration of oxide  near  the walls 
was not as great i n   t h e  upstream  half of t h e   l i n e r  as it was i n  the  down- 
stream half .  Also,  the turbulence  created by  secondary air  required a 
thicker a i r  film downstream of t h e   s l o t s   t o  accomplish i t s  purpose. 
Therefore,  the  size and spacing of the  holes  controlling  the  proportion- 
ing of a i r  to   the  louvers  were adjusted  accordingly. The number of 

- 
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secondary-air  slots was  doubled  because the  low pressure  drop  in  the 
louvered conibustor  of configuration A did  not  provide  adequate  penetra- 
t i on  of the  air j e t s .  The twenty s l o t s  were then  spaced  opposite  each 
other and reduced in s i ze  so t h a t   t h e   t o t a l  open area remained the  same 
as i n  configuration A. 

The proportions of t h e   t o t a l  combustor liner open area with  dis- 
charge  coefficients assumed were: primary  inlet,  35.3  percent;  louvers, 
22.4 percent; second--air s lo t s ,  42.2 percent. 

Combustor performance. - Combustion was  not  stable  with JP-4 f u e l  
at the  elevated  temperatures of condition 11, run 5. Combustion of 
clear,  unleaded  gasoline was stable;  however, outlet  temperatures were 
very  high  near  the  bottom of the  out le t   duct   ( f ig .   13(a)) .  

The radial profile  with  pentaborane  (fig.  13(a) 1 was of the  general  
shape desired  with  four of t he   f i ve  averaged  temperatures  within a 230° 
spread. The average  temperature  indicated by  thermocouples on the ten- 
te r   e igh t   rakes  was about 180° higher  than  the  over-all  average of 
1696O F. The circumferential  profile  with  pentaborane  (fig.  13(b)) in- 
dicated a cool  region down the  center  of the conibustor. The  same tend- 
ency was  found for  gasoline.   Fuel  injector  f low  calibrations and ob- 
servations of the  combQstor  hardware revealed no explanation  for  the 
phenomenon. 

Combustion efficiencies  with  configuration B were 85 percent  for 
gasoline and 89 percent  for  pentaborane. 

Oxide deposits  in  streaks on the  outer  liner  surface,  corresponding 
to   the  region of  peak temperatures  (rakes 3 and lo), were heavier  than 
in the remainder  of the combustor. The s t reaks may have  been  caused by 
vortexes  originating from two symmetrical  secondary-air  slots. The f u e l  
injectors  were completely f r ee  of i n t e rna l  and external decomposition 
products, as can  be  seen in   f i gu re  14. No deposits were observed on the  
primary-air  inlet, and the   l iner   sur faces  were relatively  clean  except 
f o r   t h e  two streaks  previously  mentioned. 

CONCLUSIONS 

The design  concepts  set  forth  herein  are  based on very   shor t   t es t s  
at only one simulated  flight  condition.  Nevertheless,  they  represent 
the  best  compromise made  among several  problems, including  the  usual 
combustor  problems of combustion efficiency,  outlet   temperature  distri-  
bution, and pressure loss. Additional problems a re  posed with  the  use of 
boron-containing  fuels by deposits of decomposed f u e l  and boric  oxide. 

L 
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Observations 
r ized as follows: 

based on the  results of the  limited tes ts  a re  summa- 

1. Fuel  decomposition in and on fue l   i n j ec to r s  was prevented  by 
air-cooling  fuel  passages and by  bathing small, streamlined  injectors 
i n   j e t s  of a i r .  The finely  divided  fuel  spray produced  by air atomiza- 
t ion  prevented  deposit ion  of  fuel on upstream  combustor l i n e r  walls. 
A finely  divided  spray  cas  also  help  prevent  oxidative  cracking  by al- 
lowing intimate and rapid mixing  of f u e l  and air, provided  the  spray i s  
wel l   d is t r ibuted  across   the combustor. While the  injectors  described 
herein did preclude  fuel  decomposition,  they did not   d i s t r ibu te   the   fue l  
adequately. Two solutions  are  apparent. The spray cone angle may be 
increased; however, every  attempt t o  produce a wide spray cone angle  has 
resul ted in decomposition  products on the   i n j ec to r   t i p s .  A second 
method i s  t o  Fncrease the  number of points  of  injection. A given f u e l  
flow rate would then be divided among, say, 80 injectors   ra ther   than 40. 
The spray cone angle of each  injector would remain  fixed. The fue l  con- 
centration  per  unit  of spray cone cross-sectional area would be cut in 
ha l f .  Oxygen s tarvat ion of the core of the  fuel   sprays would thus be 
reduced or  eliminated. Combustion efficiency  should  approach 100 per- 
cent even a t  conditions more stringent  than  those  of  the tests reported 
herein. 

It should  be  pointed  out  that,  although air atomization  has  several 
d i s t i nc t  advantages where boron-containing  fuels  are  used, it does incur 
a penalty. An auxi l iary compressor  and possibly  an air cooler would be 
required t o   b r i n g  the atomizing air t o  20 t o  40 pounds per  square  inch 
above compressor  discharge  pressure. 

2 .  Outlet  temperature  distribution in the combustors described was 
not   par t icular ly  good. Several  factors seemed responsible: The fue l  
sprays were too f e w  i n  number and d i d  not  disperse  fuel  widely;  pressure 
drop was very low because  of  extensive a i r  filming, and  hence  secondary 
air  did not  penetrate  well. Further effor t   d i rected toward  adequate 
filming  but  with  increased  pressure  drop and better fuel  dispersion i s  
required on t h i s  problem. 

3. Deposits  of  molten  boric  oxide were l imited by minimizing re- 
circulat ion in the  primary  combustion zone and by  extensive air filming 
of  combustor l i n e r  walls. Boric  oxide  in the exhaust  gases would thus 
be  presented t o  the turb ine   in   the  most desirable manner for i t s  
digestion. 

4.  Matching  of fuel,   fuel   spray, and air distribution  has always 
been bas i c   i n  combustor design.  Substitution of high-viscosity  high- 
boi l ing   fue ls   l ike  HEF-3 i n  conhustors  developed fo r   vo la t i l e   fue l s  
l i k e  pentaborane w i l l  necessitate  modifications of the combustor. 

Lewis Research  Center 
National  Aeronautics and  Space Administration 

Cleveland, Ohio, 
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APPENDIX A 

FUEL INJECTOR DEVELOPMENT 

The d i f f i c u l t i e s  encountered i n  preparing a highly  reactive  fuel,  
such as pentaborane, f o r  combustion w e r e  discussed i n  a preceding  sec- 
t ion .  The purpose  of t h i s  appendix i s  t o   d e s c r i b e   i n  more or l e s s  
chronological  order  several   of  the  designs  tested  during  the develop- 
ment program. 

To conserve the  supply  of  pentaborane f u e l  and reduce  fabrication 
time and cost,  pentaborane w a s  injected  through  only two tes t  injectors .  
Propylene  oxide, a plent i ful ,   re la t ively  react ive  fuel ,  w a s  in jected 
through  the  remaining  injectors  in  the  set   in  order  that   local tempera- 
tures  would be  comparable t o  those of a f u l l  set of pentaborane 
injectors  . 

Fuel  Injector 2 

Because  of the   reac t iv i ty  of  pentaborane, it was postulated  that  
oxidation of t h e  boundary film within  the  mixing chamber i n   t h e   t i p  of 
injector  1 (f ig .  6 and text , p .  9)  or recirculat ion of f ine  droplets  
around the   in jec tor   t ip   o r   bo th  were responsible  for  the  formation of 
external  decomposition.  Consequently,  injector 2 {f ig .   15)  w a s  designed 
without  mixing chamber surfaces where f u e l  and atomizing a i r  would re- 
main in  contact.  The injector  also  provided  positive  shrouding of t h e  
atomized  spray  with  additional a i r  t o  prevent  recirculation of t i n y   f u e l  
droplets.  The upper par t  w a s  essent ia l ly   the  same as radial-type  injec- 
t o r  1. Previous  experience  with  single-port  air-atomizing  injectors had 
shown the  result ing  spray  angle  to  be about 25O. A hel ix  in t h e   f u e l  
passage  and i n  t he  a i r  passage  along  with a con ica l   t i p  were intended t o  
produce a larger  spray  angle.  Unfortunately,  these  devices were not 
effect ive.  

The total-air - to-fuel  w e i g h t  r a t i o   f o r   t h i s   i n j e c t o r  was  0 .6  with a 
50-50 s p l i t  between atomizing air and shroud a i r .  Air pres su re   t o   t he  
injector  wits 30 pounds per  square  inch gage.  Although the   in jec tor   ran  
completely free of both  internal  and external decomposition,  concentra- 
t i on  of t h e   f u e l   i n  a narrow  cone spray  resulted Fn impingement  on the  
inner l iner ( f ig .  1 6 )  . Probably  only a very small amount of   the  fuel  
was involved in t h i s  formation. 

To determine  whether t he  freedom  from external decomposition was 
due t o  elimination of the   in te rna l  mixing chaniber or to   the  prevent ion 
of recirculat ion of fuel   droplets   by shroud air, a tes t  wits made with 
shroud a i r  blocked o f f .  A small conical-shaped  clinker formed during 
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t h e   t e s t   ( f i g .  1 7  1 , which indicated that shrouding  the  spray would pre- 
vent  external  decomposition  formations. 

t 

Fuel   Injector  3 

With this conclusion  in m i n d ,  f ue l   i n j ec to r  1 was  f i t t e d  with sev- 
eral   d i f ferent   nozzle   caps  designed  to   feed  a i r  around the  fuel   sprays 
in an attempt t o  include  the good d is t r ibu t ion  of in jec tor  1 with the 
cleanliness of in jec tor  2 .  One of these  designs,  injector 3, i s  shown 
in   f igure  18. Holes  were d r i l l e d   i n   t h e   n o z z l e   t i p   t o  supply  shroud 
a i r  between the  t i p  and a conical  cap. Care was t aken   t o   a l i ne   t he  
larger   holes   in   the cap w i t h  t he   po r t s   i n   t he  t i p  so that f i e 1  could  not 
impinge on the  inside  surface of the  cap. Bench t e s t s  w i t h  water 
sprayed  into s t i l l  air  showed a f ine ly  atomized  spray with no indication 
of recirculation.  Nevertheless, a large  c l inker  did form during a short 
t e s t ,  as shown in   f i gu re  1 9 .  

Fuel   Injector  4 

Again, the   o r ig ina l   in jec tor  1 was modified. A concentric  tube was 
spaced  from the   in jec tor  shank to  maintain a uniform  annulus  through 
which  combustion air was  directed down over  the  nozzle t i p   ( f i g .  20) .  
In this way a much larger   quant i ty  of clean air was provided t o  sweep 
over   the  t ip  and t o  shroud  the  fuel  spray  than  that   supplied  to  injector 
3 or by the  annulus  around  the shank  of in jec tor  1. A very  large 
clinker of decomposed f u e l  and boric  oxide formed during a t e s t  of t h i s  
type-4 nozzle.  Apparently,  interaction of the  shroud a i r  with the   fue l  
spray  caused loca l   rec i rcu la t ion  around the  nozzle   t ip .  

Fuel  Injector 5 

Another attempt t o  shroud  each of six individual  sprays with suf- 
f i c i e n t  air was  made wi th  the  design of in jec tor  5 ( f ig .  2 1 ) .  The noz- 
z l e   t i p  was designed for the  same purpose as that   of   injector  3, but  the 
passages  conducting  the air t o   t h e   t i p  were enlarged. Bench t e s t s  with 
water i n  s t i l l  air indicated no recirculat ion.  A combustion t e s t  with 
pentaborane  resulted i n  very  rapid  clinker  formation. A small clinker 
containing six hollow  tubes  can  be  seen on the  nozzle   in   f igure 223 
this  was the  begFnning  of a third formation. Two cl inkers  formed on 
the  same i n j e c t o r   e a r l i e r   i n   t h e  3.5-minute run can be  seen  lodged 
against   the   out le t  thermocouples in f igure 23.  

. 
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Fuel   Injector  6 

A somewhat d i f fe ren t  approach was t r i e d  by sandwiching the  fuel be- 
tween two layers  of atomizing a i r  and  mixing t h e   f u e l  and air externally 
( f ig .  24). It was hoped that the   ins ide  and outside  layers of air would 
atomize suf f ic ien t ly  and s t i l l  prevent  recirculation of t i n y   f u e l  drop- 
lets in  the   v ic in i ty  of the  nozzle. Bench tests showed the atomizatioxt 
t o  be good and the  included  spray  angle t o  be 70°. However, this type- 
6 in jec tor  also permit ted  intolerable   external   deposi t   to  form. 

O f  a l l  the designs  tested,  only the single-hole  injector 2 w i t h  
shroud air remained f r e e  of external  formations.  Every  attempt t o  dis- 
t r ibute   the  spray i n  a wider cone was unsuccessful. It i s  doubtful tha t  
any  of them would have funct ioned  bet ter   in  an axial direct ion.  "he de- 
signs  described a d  others  not  included  here emphasize that any disturb- 
ance  of the smooth flow of air over  and around the   fue l   in jec t ion   por t  
i s  disastrous.  
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APPEX'JDIX B 

COMBUSTOR LINER DEVELOPMENT 

Primary-Air I n l e t  

All the  pr imary-air   in le t   designs  tes ted  during  this  program  had a 
common objective: To admit a portion of the  codmstion a i r  i n  a manner ? 
t h a t  would create as l i t t l e  recirculation as possible in the  primary P CR 

zone. 4 

About 40 percent of t h e  combustion air was intended t o  flow  smoothly 
over  the streamline tubes  of  inlet  1 ( f i g .  25)  with  the  space between 
.the  tubes  actir.g somewhat l i k e  a nozzle. The i n l e t  and the upstream end 
of t he  l iner  were completely free of boric  oxide  deposits  after  penta- 
borane runs. However, because of the  large  port ion of combustion a i r  
entering  through  the  primary  inlet and the  low over-all  combustor pres- 
sure loss (dr iving  force) ,   d i lut ion of the  hot  gases by secondary air  
was inef f ic ien t  and the  result ing  outlet   temperature  distribution was 
very  poor. 

Another  approach was to   direct   the   pr imary air over exposed sur- 
faces as the   l ouve r s   i n   t he   l i ne r  do. This method  worked very  wzll 
depositwise  with  inlet 2 ( f i g .  261, even though it admitted  only 20 per- 
cent of t he  combustion air. Unfortunately,  the low pressure loss i n   t h e  
remainder  of the   l iner   aga in  made the  outlet   temperature  distribution 
poor. 

Several  other  designs were tes ted  - a l l  of which permitted  deposits, 
produced  hot  spots, or were d i f f i c u l t   t o   f a b r i c a t e .  These were dis- 
carded in   favor  of the  simple  perforated  plate  discussed  earlier.  

Combustor Liner 

The or iginal   quar ter-sector   l iner   ( f ig .   25)  was constructed of 2-- 1 
2 

inch-wide s t r i p s  spaced 1/16 inch  apart. A width  of 1- inches was ex- 

posed t o  oxide pa r t i c l e s .  The secondary-air  station was  located a t  the  
fue l   in jec t ion   s ta t ion  t o  insure  rapid mixing of fuel   wi th  suff ic ient  
a i r .  Also, secondary a i r  entering  through  the  holes  in  the  outer  l iner 
would  sweep around the   fue l   in jec tors  and thereby  prevent  external de- 
composition.  This  configuration  permitted  the  formation of very l i t t l e  
deposit, as can  be  seen in f igure 27 .  As mentioned ear l ie r ,   the  low 
pressure loss of less   than 1 percent of t he   i n l e t   t o t a l   p re s su re   r e -  
sul ted  in  an unsatisfactory  outlet   temperature  profile.  The effect ive 
open-area  proportions,  using  primary-air  inlet 1, were: primary in le t ,  
40 percent;  secondary-air  inlets, 32 percent;  louvers, 28 percent. 

1 
4 
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I n  l i n e r  2 ( f ig .  28) the  secondary-air  inlets were ten  rectangular 
s l o t s  spaced a l te rna te ly  on the  inner and ou te r   l i ne r  at t.he  midsection. 
This  location  reduced  the  length  of  liner exposed to   turbulence,  which 
permitted a decrease i n  the  proportion of a i r   en te r ing   the   louvers  and 
consequently an increase i n  secondary  mixing air. The louvers were 
spaced  only 1/32 inch  apart, and the exposed width w a s  increased t o  2 
inches. The open-area  proportions of t h i s   l i n e r  were: 27 percent of 
the  air to   the  louvers ,  1 7  percent t o   t h e  primary, and 56 percent t o  
the seconda,ry. This  width of  exposed louvers  proved  too great t o  be  ef-  
fec t ive ly  scrubbed by the  boundary-layer a i r  film, and boric  oxide de- 
pos i ted   in  a l iqu id   l ayer  as v i s ib l e  in f igure 29. The ou t l e t  tempera- 
tu re   p rof i le  was somewhat improved,  however. 

Other var ia t ions made in  the  proportions of a i r  enter ing  the  var i -  
ous par t s   l ed   to   l iner   3   (d i scussed   ear l ie r ) .  

1. Kaufman, W .  B . ,  Gibbs, J. B . ,  and Branstetter,  J. R.:  Preliminary 
Investigation of Combustion of Diborane in  a  Turbojet Combustor. 
NACA RM E52Ll5, 1957. 

2 .  Gibbs, 5. B. ,  Kaufman, W .  B.  , and Branstetter, J. R.  : Preliminary 
Investigation of the  Combustion of Pentaborane and Diborane i n  a 
Turbojet Combustor at Simulated  Altitude  Conditions. NACA RM 
E53B18, 1957. 

3. Kaufman, Warner B. ,  and Branstetter,  J. Robert:  Preliminary  Investi- 
gation of the  Alti tude Performance of Pentaborane and a  Penta- 
borane - JP-4 Blend i n  an  Experimental  9.5-Inch-Diameter  Tubular 
Combustor. NACA RM E53Jl9,  1957. 

4.  Kaufman, Warner B. ,  Branstetter,  J. Robert, and Lord, Albert M.:  
Experimental  Investigation of Deposition by  Boron-Containing Fuels 
i n  a Turbojet Combustor. NACA RM E55L07, 1957. 

5. Setze,  Paul C . :  A Study of Liquid  Boric Oxide Pa r t i c l e  Growth Rates 
in  a Gas Stream  from  a  Simulated  Jet-Engine Combustor. NACA RM 
E55120a, 1957. 

6 .  Setze,  Paul C .  : A Theoretical and Experimental  Study of Boric Oxide 
Deposition on a Surface Immersed i n  an Exhaust G a s  Stream  from a 
Jet-Engine Combustor, Including a Method of Calculating  Deposition 
Rates on Surfaces. NACA RM E57F18, 1957. 
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7 .  Setze,  Paul C . ,  and Nusbaum, William J.: A Preliminary  Study of t h e  
Effect of Boric Oxide Deposits on the  Performance  of Two Selected 
Turbine  Stator-Blade  Shapes. NACA RM E57L18, 1958. r 

8. Tawer, Leonard K. ,  Breitwieser, Roland, and Gammon, Benson E.:  Theo- 
r e t i c a l  Combustion Performance  of  Several High-Energy Fuels  for 
Ramjet Engines. NACA Rep. 1362, 1958. (Supersedes NACA RM E5lCl2 
by Gammon, RM E51C23 by G m o n ,  RM E5lD25 by Gammon, RM E51FO5 by 
Gammon, RM ~ 5 2 ~ 0 8  by Breitwieser, Gordon, and Gammon, and RM E53G14 
by Tower and Gammon.) 

9 .  McDonald, Glen E . :  The Rate of Decomposition of Liquid  Pentaborane 
from 85O t o  202O C .  NACA RM E55H01, 1955. 

10. Sivo,  Joseph N.:  Alti tude Performance of a Turbojet  Engine  Using 
Pentaborane  Fuel. NACA RM E57C20, 1957. 

11. Useller, James W . ,  and Jones, William L.: Extended  Operation  of 
Turbo j e t  Engine with  Pentaborane. NACA RM E55L29, 1957. 

1 2 .  Sivo,  Joseph N . ,  and Wanhainen, John P.:  Altitude Performance of a 
Full-scale High-Temperature W b o j e t  Engine  Using  Pentaborane  Fuel 
and HEF-2. NASA MEMO 12-31-583, 1959. 
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Figure 2. - Configuration A ,  quarter-sector  annular  combustor. (All dimensions in inches.) 
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Figure 3. - Configuration B, quarter-sector  annular combustor. (All dimensions i n  inches.) 
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F i g u r e  6. - R a d i a l   f u e l   i n j e c t o r  1. 



27 

. 
-P 
0 
0 
k 

4 
W 

TI 
P 
k 
0 
+, 
ld 
+, ro 

k 
bi 

Tip 

3.26 

2.56 

1.76 

1.01 

.26 

Root 0 

A 

lentaborane 

" I L 
( a )   R a d i a l   p r o f i l e s  . 

(b )   C i r cumfe ren t i a l   p ro f i l e s .  

F igure  7 .  - Combustor o u t l e t   t e m p e r a t u r e   p r o f i l e s   f o r  run 1, pentaborane 
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(a )  Liner deposits. 

Figure 8. - Deposits in combustor liner of configuration A a f t e r  run  1, pentaboram fuel. 
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(b) Recirculation and impingement deposits. 

Figure 8. - Concluded. Deposits im combustor l i n e r  of configuration A a f t e r  run 1, pentaborane fuel.  
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(a)  Side view. 

Figure 9. - Deposits in combustor l i n e r  of configuration A a f t e r  run 2, pentaborane - Jp-4 
blend fuel. 
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(b) Rear view. 

Figure 9. - Concluded. Deposits in combustor l i n e r  of configuration A a f t e r  run 2, 
pentaborane - Jp-4 blend  fuel. 





' V . J - 3  E-167 

(b) Rear  view. 

Figure 10. - Concluded. Deposits i n  combustor l iner  of configuration A a f t e r  run 3, HEF-2 fue l .  
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(a)  Side view. 

Figure 11. - Deposits  in  combustor  liner of configuration A after  run 4, HiCal-3 fuel. 
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(b)  Rear view. 

Figure 11. - Concluded. Deposits i n  combustor l iner  of configuration A a f te r   run  4, 
HiCal-3 fue l .  
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Figure 12. - Tes t   fue l   i n j ec to r  7. (All dimensions in inches.) 
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Figure 13. - Combustor  outlet  temperature  profiles for run 5, pentaborane 
aqd gasoline  fuels. 
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(b)  Rear view. 

Figure 14. - Concluded. Deposits i n  combustor l i ne r  of configuration B a f t e r  run 5, pentaborane  fuel. 
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Figure 15. - Fuel   injector  2. 
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Figure 16. - Impingement deposit from fuel   injector  2 a f t e r  9.4-minute run on pentaborane  fuel. 
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Figure 17. - Fuel   injector  2: (A) clean; (B)  with  external  decomposition 
deposit  formed  during 9.3-minute  pentaborane run with  shroud a i r  blocked o f f .  
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Figure 18. - Fuel injector 3. 
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F 'igure 19. - External  decomposition  deposit  formed on in 
minute run on pentaborane  fuel. 
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Figure 20. - Fuel   injector  4 .  
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Figure 21. - Fuel injector 5. 



I . 

I 
Figure 22. - External  decomposition formed on injector 5 during 3.5-minute run on penta- 

borane fuel .  



Figure 23. - Gliders t h a t  formed on fue l   in jec tor  5 shown lodged  against   outlet  thermocouple  rakes. 
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A i r f l o w  I) / 

Figure 24. - Fuel injector 6. 
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Figure 25. - Original quarter-sector configuration. ( A l l  dimensions in inches.) 
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Figure 26. - Primary-air   in le t  2 .  
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Figure 27. - Deposits in combustor l i n e r  1 a f t e r  3.5-minute run on pentaborane fuel. 
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Figure 28. - Combustor l iner 2. ( A l l  dimensions in  inches.) 




